We have identified the gene DYNI, which encodes the heavy chain of cytoplasmic dynein in the yeast Saccharomyces cerevisiae. The predicted amino acid sequence (Mr 471,305) reveals the presence of four P-loop motifs, as in all dyneins known so far, and has 28% overall identity to the dynein heavy chain ofDictyostelium [Koonce, M. P., Grissom, P. M. & McIntosh, J. R. (1992) J. CeUl Biol. 119, 1597Biol. 119, -1604 with 40% identity in the putative motor domain. Disruption of DYNI causes misalignment of the spindle relative to the bud neck during cell division and results in abnormal distribution of the dividing nuclei between the mother cell and the bud. Cytoplasmic dynein, by generating force along cytoplasmic microtubules, may play an important role in the proper alignment of the mitotic spindle in yeast.
Nuclear and cytoplasmic microtubules in the yeast Saccharomyces cerevisiae participate in several well-defined cellular processes that include the segregation of chromosomes and the migration of the nucleus during mitosis as well as the migration and fusion of nuclei in karyogamy (1) . These processes are believed to involve microtubule-based motor enzymes, and recently several genes containing sequence regions with homology to the motor domain characteristic of the kinesin superfamily have been identified in S. cerevisiae and other fungi (2) (3) (4) (5) (6) (7) (8) .
The cytoplasmic form ofthe microtubule-associated motor dynein has ATPase activity and moves toward the minus ends of microtubules in in vitro gliding assays (9) . Cytoplasmic dynein exists in a wide variety of eukaryotic cells, including Dictyostelium (10, 11) , and indirect evidence has suggested that it plays a major role in the movement of chromosomes toward the minus ends of spindle microtubules at the anaphase stage of mitosis (12, 13) , as well as in the retrograde transport of organelles in nerve axons (14) (15) (16) . However, direct evidence for the in vivo functions of cytoplasmic dynein has been lacking.
We have now identified and sequenced the gene, DYNI, which encodes the heavy chain of cytoplasmic dynein in the yeast S. cerevisiae.ll Disruption of the DYNI gene causes misalignment of the spindle relative to the bud neck during cell division and results in an abnormal distribution of the dividing nuclei between mother and daughter cells.
MATERIALS AND METHODS
Media and Microbial Techniques. Yeast media and genetic techniques were essentially as described in Rose et al. (17) .
Transformations were done with the lithium acetate method (18) . Synchronization of yeast cultures was achieved by treating with a mating factor as described by Berlin et al (19) .
PCR Primers. Oligonucleotide primers were designed from the deduced amino acid sequence of the sea urchin dynein ,B heavy chain (20, 21) in regions that were conserved between sea urchin dynein isoforms (22) . The nucleotide sequences of the two degenerate primers that were used to PCR-amplify pDLP1 from yeast genomic DNA are 5'-CCTGCTGGNAC-NGGNAARAC-3' (sense strand, targeting amino acidsequence PAGTGKT) and 5'-TACCCIGGRTTCATIGTDA-TRAA-3' (antisense strand, targeting amino acid-sequence FITMNPG).
DNA Sequencing. Nucleotide sequencing of the original probe, pDLP1, and other restriction fragments in the vicinity of the putative hydrolytic ATP-binding site was done by subcloning into M13mpl8/mp19 vectors and using universal M13 primers and a Sequenase 2.0 DNA sequencing kit (United States Biochemical).
The nucleotide sequence of the complete gene was determined as part of the ongoing project to sequence the entire chromosome XI in yeast (strain S288C). Relevant cosmids were sonicated, and the resulting DNA fragments were repaired by using Klenow fragment and T4 DNA polymerases. Fragments ranging from 400 to 600 bp were separated by electrophoresis and ligated into the Sma I site of an M13mpl8 vector. Double-stranded DNAs were prepared from clones and sequenced with a Pharmacia T7 sequencing kit. Gaps were filled in using specific oligonucleotide primers. The entire sequence was determined on both strands.
Fluorescence Microscopy. Cells grown to mid-logarithmic phase in yeast extract/peptone/dextrose (YPD) medium at 30°C were fixed with 4% formaldehyde and viewed by fluorescence microscopy after staining microtubules with a monoclonal antibody against ,B-tubulin (YOL1/34) and staining DNA with 4',6-diamino-2-phenylindole (1 pg/ml) by standard techniques (17) .
Assay for Chromosome Loss. The method used for assessing elevated levels of chromosome loss was based on that described by Berlin et al. (19) viability and on YPD plates that contained cycloheximide at 10 mg/ml (Sigma) to assess the frequency of appearance of colonies resistant to cycloheximide. To distinguish between resistance due to loss of chromosome VII and that due to mitotic recombination, cell aliquots were also plated on medium that lacked leucine. Colonies that became resistant to cycloheximide due to chromosome loss were leucine auxotrophs, whereas those that became resistant due to mitotic recombination in the 80-centimorgan LEUI-CYH2 interval were leucine prototrophs.
RESULTS
Identification and Characterization of DYNI. Using degenerate primers (see Materials and Methods), we PCRamplified from genomic DNA of S. cerevisiae a 305-bp DNA fragment that was cloned and named pDLP1 (for dynein-like protein). The predicted amino acid sequence encoded by pDLP1 has 47% identity to that of the corresponding region of the sea urchin P heavy chain (20) with a perfect match in the CFDEFNR region, which is absolutely conserved in all dynein sequences known so far (11, (20) (21) (22) (23) Fig.  1 , and a restriction map of DYNI is shown in Fig. 2 . Four P-loop motifs, GXXXXGKT, characteristic of most ATPbinding sites (24) are present in the mid-region of the heavy chain, at positions 1796, 2074, 2418, and 2760 ( Fig. 1 and P1-P4 in Fig. 2 ), which are similar to those in dynein heavy chains of Dictyostelium and sea urchin (11, 20, 21) . The amino acid sequence of DYNI shows 28% identity when aligned with the sequence of cytoplasmic dynein heavy chain from Dictyostelium (11) and 19%o identity to the axonemal (3 heavy chain from sea urchin (20) . In the putative motor domain that contains the four P-loops (residues 1780-2800) this amino acid sequence is 40% identical to that of Dictyostelium.
Disruption ofDYNI. An 11-kb DNA clone containing =7 kb of dynein coding sequence was isolated by screening a yeast genomic library (25) with pDLP1. Two EcoRJ restriction fragments from this clone were chosen for the disruption experiments because they contained internal HindIII sites that permit deletion of dynein coding sequences and substitution by a 1.1-kb HindIII fragment containing the yeast URA3 gene. One is a 3.5-kb fragment, R2, coding for a region containing the putative hydrolytic ATP-binding site and the other, R4, is a 0.9-kb fragment closer to the 5'-end ofthe gene (Fig. 2 ). The disrupted R2 or R4 fragments were used to transform a haploid and a diploid Ura-strain (YNN281, a trpl-A his3-A200 ura3-52 lys2-801a ade2-10 gal mal CUpr and strain DEY310, a/a trpl-A his3-A200 ura3-52 lys2-801a ade2-10 gal mal CUPr) by integrative transformation. Colonies of transformants from both haploid and diploid strains that appeared on the selective plates indicated that the disruption of dynein is not lethal for vegetative growth. Dissection of tetrads from the sporulated diploid transformants revealed spore viability and segregation of URA3, which agreed with the above conclusion. Southern blot analysis of EcoRI-digested DNA from the transformants verified that the URA3 insertions had occurred at the expected loci in both haploid and diploid strains. We chose to further characterize the mutants that were transformed with the R2 disrupted fragment.
The Phenotype of Dynein-Disrupted Cells. dynl -A:: URA3 haploid cells grew at a similar rate to the wild-type cells, over the temperature range of 14-37°C in rich liquid medium. dynl and wild-type strains of opposite mating types were crossed in different combinations. The viability of the tetrads resulting from sporulation of heterozygous or homozygous dyni diploids appeared normal, suggesting that cytoplasmic dynein was not essential for meiosis or karyogamy.
DNA staining of nuclei in the mutant strain showed significant aberrations in nuclear segregation (Fig. 3) . The typical budded wild-type cell (Fig. 3A) has two nuclei fully divided and segregated between the mother cell and the bud. The nuclear microtubules that contain the spindle are aligned with the axis of the neck. In those wild-type cells that have not yet completed their nuclear division, the spindle is always oriented parallel with the neck axis. In the dynl mutant strain, on the other hand, =25% of the budded cells had a large binucleated mother and an anucleated bud (Fig. 3 B and  C) . The spindle in these cells does not penetrate the neck, and it is aligned with the axis of nuclear division, in an orientation that seems random relative to the neck axis. For example, the spindle in Fig. 3B is approximately perpendicular to the neck axis, whereas the spindle in 3C is parallel with it. Cytoplasmic microtubules and spindle pole bodies are clearly visible in the dynein mutants. Approximately 2% of the dynl-containing cells accumulate more than two nuclei in the mother cell (Fig.  3D ), which accommodates a complex array of nuclear and cytoplasmic microtubules. In -3% of the mutant cells with abnormal nuclear segregation, the spindle contained within the mother cell was longer than the cell diameter and bent (Fig. 3E) . Table 1 shows the distribution of nuclear morphologies in dynl cultures that were synchronized by a release from G, arrest, induced by a mating factor. After correction for the binucleated cells that were carried over from previous divisions before the arrest, the data suggest that in the first cell cycle, 2 hr after the release, 38% ofthe total complete nuclear divisions showed improper segregation of the nuclei between mother and bud. Examination at later stages appeared to show a reduced percentage of binucleated cells, although the diminished synchrony makes quantification unreliable. The possible role of cytoplasmic dynein in chromosome segregation (12, 13) was assessed by determining the rate at which one copy of chromosome VII became lost from a dynl x dynl diploid strain. Such colonies appeared at a frequency of -3 x 10-6 in both the wild-type (strain DEY314) and the mutant diploids (strain DEY316). These results, which show no indication of elevated chromosome loss in dynl x dynl cells, suggest that dynein does not play a critical role in chromosome segregation in yeast, although a supportive or redundant role remains possible.
DISCUSSION
The Cellular Roles of Cytoplasmic Dynein. In this work we have identified and characterized the DYN1 gene, which encodes a cytoplasmic dynein heavy chain in the yeast S. cerevisiae. The disruption of this gene suggests that dynein is responsible for alignment of the mitotic spindle with the neck axis, a process required for the fidelity of nuclear segregation during mitosis. However, dynein is not essential for vegetative growth.
The dynl phenotype generally resembles that of the temperature-sensitive mutation in the yeast /tubulin gene, tub2-401 (26) . This similarity suggests that normal nuclear segregation may be a result of the interaction of dynein with the (Fig. 4) . The long appearing in some of the dynl cells (Fig. 3E) (6) (7) (8) , whereas the other pulls the spindle pole bodies apart by dynein exerting force on cytoplasmic microtubules (Fig. 4) .
The similar overall growth rates of the dynl and wild-type cells may be accounted for by a recovery mechanism within the cell that results in one of the nuclei in the binucleated mother cells finding its way to the neck and entering the bud late but before cytokinesis. Such a mechanism may be more likely to succeed when the two sister nuclei are distributed parallel to the neck axis (Fig. 3C) rather than perpendicular to it (Fig. 3B) . In addition, binucleated cells that further divide may have a higher probability oftransferring a nucleus to the bud in the next cell cycle. A recovery hypothesis is supported by the preliminary finding of a reduced percentage of binucleated cells at later stages after the release from arrest. A similar explanation was proposed for bikl cells by Berlin et al. (19) to explain the discrepancy between the growth rate of the mutants and their aberrant nuclear morphologies.
The immunolocalization of cytoplasmic dynein to mitotic kinetochores in higher cells (12, 13) 
SU cy (?) to a similarly conserved region downstream from P3 (Fig. 5) . Homology is also observed in a second conserved region located =100 residues downstream from both P1 and P3.
This sequence analysis suggests that the P1 and P3 regions have similar conformations and functions in the native heavy chain, but as yet there exists only evidence for the putative hydrolytic function ofthe P1 site from its proximity to the site of vanadate-mediated photocleavage on the heavy chain (20) . By analogy to kinesin (27) , the conserved region -100 residues downstream from P1 has been proposed as part of the ATP-sensitive microtubule-binding domain in dyneins (28) .
Condusion. Our results suggest that cytoplasmic dynein, in conjunction with cytoplasmic microtubules, is responsible for the migration of the mitotic spindle to the neck and its alignment with the neck axis, which are required for the fidelity of nuclear segregation. At first sight, it appears surprising that such a large and complex motor protein as dynein should be present in S. cerevisiae when it is not completely essential for cell growth, but this hypothesis is consistent with other evidence for redundance in motor protein functions in yeast (3, 6, 7) . The potential interplay of dynein with other motor proteins will provide scope for much additional study.
